Solenopsis invicta colonies were exposed to purified preparations of Solenopsis invicta virus 3 (SINV-3) to investigate virus pathogenesis at the colony level. Time course experiments revealed an infection exhibiting specificity for the adult stage (workers). SINV-3 genome and a capsid protein were increasingly present in worker ants with time. Northern blot analysis revealed two bands in RNA preparations from worker ants infected with SINV-3 corresponding to the genomic and sub-genomic species. Conversely, larval RNA preparations from SINV-3-infected colonies showed a near-complete absence of SINV-3 genome or sub-genome. The data confirm that SINV-3 is the etiological agent causing mortality among S. invicta colonies in the laboratory. We propose that SINV-3 infection somehow alters worker ant behavior, which may prevent them from acquiring and/or distributing solid food to the larvae. Consequently, larval mortality and impaired queen health occur as a result of starvation or neglect by the worker caste.
Introduction
Solenopsis invicta virus 3 (SINV-3) is a positive-sense, singlestranded RNA virus that infects the red imported fire ant, Solenopsis invicta Buren (Valles and Hashimoto, 2009 ). Initial molecular characterization revealed a genomic organization with two non-overlapping open reading frames (ORFs) separated by an intergenic untranslated region similar to the dicistroviruses (5 0 non-structural proteins; 3 0 structural proteins; Valles and Hashimoto, 2009 ). However, phylogenetic analysis of the RNA-dependent RNA polymerase showed the virus to be related only distantly to the Dicistroviridae (Adams et al., 2012) . More recently, SINV-3 was shown to express its 3 0 -proximal ORF via a frameshifting mechanism and produce its structural proteins from a subgenomic RNA, suggesting that SINV-3 is more calicivirus-like rather than picornavirus-like (Valles et al., 2014) .
SINV-3 holds promise as either a classical biological control agent or biopesticide to control fire ants (Oi and Valles, 2009) . Host specificity tests have revealed that the SINV-3 infection is limited to fire ant species in the saevissima fire ant complex of South America . Oil-and water-based bait formulations can effectively deliver SINV-3 infections to fire ant colonies . Short pulse exposures of fire ant colonies to SINV-3 result in significant mortality of adult, larval, and pupal stages . In addition to worker, larval, and pupal mortality, queens are also impacted either directly or indirectly; queen weight and egg production decrease in SINV-3-infected colonies in latter stages of the infection .
SINV-3 was detected in all fire ant developmental stages (eggs, larvae, pupae, workers, queens, and alates) by reverse transcriptionpolymerase chain reaction (RT-PCR) (Valles and Hashimoto, 2009 ). However, the adult stages (worker, alate, and queen) exhibit greater SINV-3 titer compared with immature stages (egg, larva, and pupa) by 3-7 orders of magnitude . The chronological sequence of events following SINV-3 infection of fire ant colonies includes cessation of feeding on solid food, brood (immature stages) mortality, worker mortality, and reduced queen weight and fecundity. Brood mortality and viral titer are seemingly incongruous, while larval and pupal stages are the first to exhibit mortality; viral titer in the immature stages remains very low, comparatively. Thus, our objective was to investigate SINV-3 pathogenesis more thoroughly, especially focusing on virus development in larval and adult (worker) stages of fire ant colonies.
Results
Among three test colonies pulse-exposed to purified SINV-3 for 24 h, two became infected by 7 days after virus exposure as determined by the presence of replicating (minus strand) genome. Worker and larval ants were taken from these two colonies for all evaluations. The brood rating among SINV-3-infected S. invicta colonies declined significantly over the 31 day test exposure compared with untreated controls (Fig. 1) . At 31 days after SINV-3 exposure, the mean brood rating had declined to 0.95 indicating poor colony health among the two SINV-3-infected colonies. Worker and brood cumulative weights at the conclusion of the study were significantly lower in SINV-3-infected colonies compared with control colonies (Fig. 1 inset) . Queen weight was not significantly different between the virus-infected and -uninfected colonies (data not shown).
The SINV-3 time course experiments revealed an infection exhibiting stage specificity (Fig. 2) . The quantity of SINV-3 genome (per ng of RNA) was significantly greater in workers at 3, 6, 13, and 27 days after exposure to the virus ( Fig. 2A ). The initial (immediately after SINV-3 exposure) quantity of SINV-3 genome was about 2 orders greater in workers compared with larvae. At the second sampling time (6 h), a decrease in the quantity of SINV-3 was observed in both stages, which was attributed to dispersal of SINV-3 throughout the colony members from the initial inoculation. After this initial decrease, the amount of SINV-3 increased through 13 days for workers and 3 days for larvae. In workers, SINV-3 remained above 10 5 genome equivalents/ng RNA for the duration of the study. Conversely, the amount of SINV-3 detected in larvae declined to below 10 3 genome equivalents/ng RNA by day 6, where it remained for the duration of the study.
Similar results were observed when each stage was probed for the presence of the SINV-3 VP2 capsid protein by Western blotting (Fig. 2B ). VP2 was detected in 95% of the workers examined immediately after SINV-3 exposure which was expected because worker ants had to retrieve the bait containing virus and present it to the larvae. In workers, the proportion testing positive for VP2 declined to 30% at 6 h, likely from dispersal of the initial dose. From day 3 through the end of the study, the proportion of worker ants containing detectable levels of VP2 remained above 90%.
Conversely, detection of VP2 in larvae was initially 50%, which declined steadily to 0% by 3 days, where it remained before climbing to 15% on day 27. When detected, the intensity of the VP2 band reported in workers was noticeably stronger compared with larvae ( Fig. 3 ). Northern analyses of two RNA preparations (mRNA and total RNA) from worker and larval ants collected from colonies in which the SINV-3 infection was active ( $ 3 weeks) also exhibited stagespecific differences ( Fig. 4) . A large band, greater than 9 kb, a size consistent with the intact genome (Valles and Hashimoto, 2009) , and a subgenomic RNA species at $ 3.8 kb (Valles et al., 2014) were observed in worker RNA preparations. Conversely, Northern blot analysis revealed a complete absence of SINV-3 genome or subgenomic RNA in preparations from larvae collected from the same colonies. Amplification of the probed region (642 nt amplicon) of the genome by RT-PCR was positive from larval and worker RNA used in the Northern analyses ( Fig. 4B ).
Discussion
This study provides further support that SINV-3 is the etiological agent causing mortality among S. invicta colonies in the laboratory; exposure to purified SINV-3 particles caused symptoms in uninfected S. invicta colonies consistent with SINV-3 infection as reported previously Fig. 1) . Results also largely satisfy Koch's postulates for SINV-3. Namely, SINV-3 was found in abundance in S. invicta suffering from established symptoms, SINV-3 was isolated (purified) from these ants exhibiting symptoms, purified SINV-3 caused identical symptoms in healthy S. invicta colonies exposed Mean brood ratings ( 7 standard error) for SINV-3-infected (n¼ 2) and -uninfected control colonies (n¼6) evaluated at different times after virus exposure. The brood rating key is summarized in Materials and methods. Brood rating was significantly different by Student's t-test (t ¼3.38; df ¼6; p ¼ 0.015) for control and SINV-3-infected colonies at the concluding time point (31 days after virus exposure). Inset: mean colony weight (grams) of workers and brood from control and SINV-3-infected colonies at 31 days. Black bars represent workers and gray bars represent brood. Significant differences in the weight of colony workers (t¼ 2.59; df ¼6; p ¼0.041) and brood (t¼ 2.75; df ¼6; p ¼0.033) were observed. to the virus, and SINV-3 was re-isolated (purified) from these experimentally exposed ant colonies. The data suggest that SINV-3 pathogenesis is largely limited (if not completely) to adult stages of S. invicta. Our previous report on SINV-3 bait development failed to detect SINV-3 capsid protein in larval stages of infected S. invicta , which has been confirmed in this study under more controlled conditions. Time course quantification of the SINV-3 genome revealed significantly different patterns in workers and larvae. After initial exposure and equilibration periods, the amount of SINV-3 genome increased in workers and decreased in larvae over time. We reported previously, and have confirmed in the present study, that SINV-3 titers in larvae were always several orders of magnitude below workers . These results are rather unexpected because one of the first obvious signs of SINV-3 infection at the colony level is brood mortality (Chen et al., 2012; Porter et al., 2013) . Thus, it was logical to assume that larvae and pupae were succumbing to SINV-3 as a direct result of the infection. However, based on relative amounts of SINV-3 (genome and VP2) in larvae and workers over time, it appears that worker ant behavior may be altered by SINV-3 infection, which may result indirectly in larval mortality. The first change noticed consistently in S. invicta ant colonies infected with SINV-3 is cessation of feeding on protein rich foods needed by the larvae and queen (Chen et al., 2012) . In fire ant colonies, solid food particles are acquired by foraging worker ants and fed to 4th instar larvae. The larvae digest the solid food and redistribute it in liquid form to other members of the colony through worker ants (Petralia and Vinson, 1979) . Worker ants in SINV-3-infected colonies stopped fetching solid food. Crickets, which are used as a standard protein source for laboratory reared fire ants were left untouched by foraging workers in SINV-3-infected colonies. Indeed, the workers began creating midden piles on top of the food sources as a clear sign of rejection. The midden piles became quite large with time and contained worker, larval, and pupal stages ( Fig. 5 ). Observing dead larvae and pupae on fire ant midden piles is an extremely unusual event. Whether larvae and pupae were killed by workers, starved, or were simply neglected by workers is not known. Worker ants typically carry and tend the immature stages, so discerning which event was occurring was not obvious. However, it was clear that lack of solid food recruitment by workers played a critical role. Furthermore, this nutritional deficiency may also explain the decreased queen weight and fecundity observed in latter stages of SINV-3 infection .
While baculovirus infections are known to be limited largely to the immature stages of their insect hosts (Harrison and Hoover, 2012) , tropism (stage and tissue) among arthropod-infecting positive strand RNA viruses is not well studied. The most pertinent examples in the literature are black queen cell virus (BQCV; family Dicistroviridae) and Sacbrood virus (SBV; family Iflaviridae), which infect different stages of the honey bee (Bailey et al., 1964; Bailey and Woods, 1977) . SBV is thought to selectively infect honey bee larvae and is incapable of replicating in the adult stage (Bailey, 1967) . Similarly, BQCV infections are limited to the pupal and adult stages (Chen and Siede, 2007) . Thus, stage-dependent infection of positive strand RNA viruses, like SINV-3, is not without precedent.
Detection of SINV-3 in larval stages of S. invicta by RT-PCR and -qPCR (Fig. 4B) is not explained easily. The region of the genome corresponding to the probe used in the Northern analysis was readily amplified by RT-PCR from the RNA purified from larvae and workers (Fig. 4B ), yet Northern analyses failed to indicate the presence of any species of SINV-3 RNA in the larval stage. showed that SINV-3 genome copy number increased in larvae giving the perception that replication may be occurring in the larval stage. However, the level of SINV-3 in larvae always remained several orders of magnitude lower than in adults and the replicative (minus) strand of the genome was only detected in worker ants, and never in larvae . Detection of SINV-3 by RT-PCR and -qPCR in larvae may simply occur as a result of increasingly greater quantities of mature virions being shed by workers, which contaminate the larval stages (on the surface or in the gut by trophallaxis). We tested the possibility of surface contamination on larvae by washing them briefly in buffer, extracting RNA from the rinsate, and subsequently evaluating it by RT-qPCR. Amplification with SINV-3-specific oligonucleotide primers Fig. 3 . Representative Western blots for three individual S. invicta workers and larvae at 0, 0.25, 3, and 6 days after SINV-3 exposure was terminated. Polyclonal antibody preparations were prepared against a portion of the VP2 capsid protein of SINV-3 (44 kDa). Detection limits for the antibody preparation were empirically determined to be 10 2 SINV-3 genome equivalents (see text).
Autoradiograph
RNA did occur in a majority of the samples examined (data not shown). So detection of SINV-3 in larvae may simply be the result of contamination from workers. Detection of SINV-3 was previously reported in S. invicta eggs suggesting vertical transmission of the virus (Valles and Hashimoto, 2009 ). However, based on the current data, these detections may have simply been from surface contamination (i.e., transovum). This notion is further supported by lack of virus replication and assembly in larvae. The mechanism of virus acquisition after eclosion remains to be investigated.
An additional consideration is the possibility of the presence of small SINV-3 genome fragments in larvae somehow acquired through trophallactic interactions with workers. Positive strand RNA viruses are commonly acquired through the fecal-oral route (Bonning, 2009; de Miranda and Genersch, 2010) and trophallaxis could facilitate this process if workers were shedding virus or genome fragments. Positive strand RNA viruses have evolved a diversity of strategies to protect the stability of their RNA (Dickson and Wilusz, 2011) and even degraded RNA from deformed wing virus (DWV) and BQCV were sufficient to provide positive results for diagnosis in honey bees by RT-qPCR amplification (Dainat et al., 2011) . Lastly, reverse transcription and integration of a fragment of the SINV-3 genome into the host genome could possibly explain amplification in larvae with corresponding negative results for the detection of VP2 or genomic SINV-3 RNA. However, PCR without reverse transcription did not yield an amplicon in larvae (data not shown). Admittedly, despite these arguments, S. invicta larvae may still play a role in the pathogenesis of SINV-3.
Under confined laboratory conditions, SINV-3 replication does not appear to occur in larvae of S. invicta because capsid proteins are not detected, Northern hybridization fails to yield a signal, and the replicative genome strand is not detected. We propose that SINV-3 infection alters worker behavior preventing them from acquiring or distributing solid food among the larvae. Larval mortality may be occurring as a result of starvation or neglect by the worker caste. Worker mortality and decreased queen fecundity occur later in the infection process .
Materials and methods

Rearing methods and test colonies
Several hundred colonies were established from newly-mated S. invicta queens collected in the Gainesville, FL, area during the spring, 2012. From these colonies, we selected 10 vigorously growing colonies each with about 2000 workers ( $ 3 g of workers and brood). The colonies were pre-tested for the presence of Solenopsis invicta virus 1 (SINV-1), SINV-2, and SINV-3 by multiplex RT-PCR ). Nine colonies testing negative for all three viruses were included in the study. Test colonies were each fed one house cricket (Acheta domesticus (L.)) three times a week with access to ad libitum sucrose presented on wicks of lab tissue moistened three times a week. The quantity of crickets was limited (Macom and Porter, 1995) so that colonies would not grow beyond the capacity of their trays (15 by 10 by 6 cm 3 ) during the period of the test. Ant colonies were maintained at 2871 1C. Prior to the test, rearing rooms, trays, and racks were sterilized with bleach according the procedures established by to prevent virus infection from contamination. Loosely fitting lids were set on each test colony container and groups of 3 colonies (6 control and 3 treatment) were placed in larger holding trays (55 by 40 by 7 cm 3 ) also with lids to avoid airborne contamination during the test. Talcum powder was dusted on the outside of the nest trays and in the bottom of the larger holding trays so that any ants escaping would not contaminate other test colonies.
SINV-3 purification
Worker ants from a SINV-3-infected fire ant colony were homogenized for 2 min in a Waring blender in NTB buffer (10 mM Tris, pH 7.25, 0.1 mM NaCl). The blended ants were filtered through cheesecloth, extracted with chloroform (2-fold volume) for 30 min, and centrifuged for 10 min at 1000g to separate the phases. The supernatant was removed and applied to a 1.2/1.5 g/ml CsCl step gradient and centrifuged at 195,000g for 2 h. The interface was recovered by pipette, equilibrated to 1.35 g/ml CsCl and centrifuged overnight at 330,000g. A single diffuse band was recovered (1.351 g/ml), diluted 4-fold with NTB and centrifuged at 195,000g for 1 h. The pellet containing SINV-3 was re-suspended in deionized water (1 ml) and quantified by quantitative PCR (see below).
RNA extraction
Total RNA was extracted from ant and purified virus samples by the Trizol method according to the manufacturer's instructions (Invitrogen). RNA was suspended in nuclease-free water and quantified by spectrophotometric analysis (260 nm absorbance) on an ND-1000 spectrophotometer (Nanodrop Technologies, Inc., Wilmington, DE). Total RNA was diluted with RNase-free water to achieve a final concentration of 10 ng/μl for quantitative PCR (qPCR) analysis.
Treatment of colonies with SINV-3
Colonies were transferred into new clean trays without food for two days and then exposed to either a purified SINV-3 preparation in a 10% sucrose solution (n¼ 3; 500 μl containing 2 Â 10 11 SINV-3genome equivalents) or 10% sucrose solution without virus (n¼ 6).
The sucrose solutions were placed into small plastic lids (7 mm diameter) and placed on the floor of the ant rearing tray for 24 h and then removed.
Western blotting, quantitative PCR, and detection of replicative genome
Western blotting (to detect viral capsid protein production) and qPCR (to detect genome replication) were conducted on single ants (workers and 3rd-4th instars) using a repeated measures design at 0, 0.25, 1.2, 3, 6, 13, and 27 days after terminating virus exposure. Workers (n¼ 5) and 3rd-4th instar larvae (n ¼4) were sampled randomly from each of the SINV-3-infected colonies at the times specified. Exceptions to these sample sizes are noted for 6 days (n ¼6 workers; n¼ 10 larvae) and 13 days (n¼ 15 workers; n ¼2 larvae). The ants were homogenized individually in 50 μl of lysis buffer (50 mM Tris-HCl, pH 8, 4% sodium dodecyl sulfate). The homogenate was centrifuged for 1 min at 20,000g. The supernatant (35 μl) was recovered by pipette and used for Western analysis as described below. Total RNA was extracted from the remaining homogenate ( $15 μl) and used for qPCR analysis as described below. The proportion of individual ants testing positive for SINV-3 by Western analysis was recorded, as well as the absolute quantity of SINV-3 (genome equivalents/ng RNA) determined by qPCR.
qPCR was performed on an ABI PRISM 7000 Sequence Detection System interfaced to the ABI prism 7000 SDS software (Applied Biosystems, Foster City, CA) in a 25 μl reaction volume as described previously (Valles and Hashimoto, 2009) . cDNA was first synthesized using a SINV-3-specific oligonucleotide primer as described previously (Valles and Hashimoto, 2009 ). The reaction contained 12.5 μl of SYBR Green SuperMix (with UDG and ROX, Invitrogen), 0.4 μl each of 10 μM SINV-3-specific primers (p705: 5 0 -CTGCTGGTATGATGGCAACAGATCCTTCTGT; p707: 5 0 -AAG-GAGTTTGTGTATTAGTTGCAATGCCAGAATCT), 3 mM MgCl 2 , 5 μl of the cDNA synthesis reaction, and 6.7 μl of DEPC-water. Thermal cycling conditions consisted of one cycle at 50 1C for 2 min and 95 1C for 2 min, followed by 35 cycles at 95 1C for 15 s, 60 1C for 15 s, 72 1C for 1 min. The non-template control for qPCR included a complete cDNA synthesis reaction devoid of RNA template. A standard curve was constructed from a plasmid clone of the corresponding SINV-3 genome region using a copy number range of 10 3 -10 8 copies which was completed at every evaluation. SINV-3 quantities were expressed as genome equivalents/ng of total RNA. The supernatant acquired from individual ants as described above (35 μl) was recovered by a pipette and added to 15 μl of Laemmli-loading buffer (Laemmli, 1970) . The mixture was heated in a block heater for 5 min at 100 1C and the proteins were separated by SDS-PAGE (4-20% gradient). The proteins were subsequently electroblotted onto a polyvinylidene fluoride (PVDF) membrane (BioRad, Hercules, CA) for 2 h at 350 mA. Polyclonal antibodies to a portion of the SINV-3 VP2 capsid protein (Valles et al., 2014) (ERMPTPSEAYDNSK [SINV-3-pAb]) were raised in a rabbit host by GenScript USA, Inc. (Piscataway, NJ) according to the company's standard protocols. Western analysis was conducted with the SINV-3-pAb preparation at a 10,000-fold dilution (3 μg/ ml). Briefly, the electroblotted PVDF membrane was blocked in TBS (Tris buffered saline; 20 mM Tris-HCl, 500 mM NaCl, pH 7.5)þ 1% bovine serum albumin (BSA) for 1 h. Primary antibody (SINV-3-pAb) was added to the TBS þ 1% BSA solution for 2 h at room temperature with shaking (40 rpm). The membrane was rinsed twice with TTBS (TBS þ 0.05% Tween 20), probed with secondary antibody (10,000-fold dilution), goat anti-rabbit conjugated with alkaline phosphatase [Sigma, St. Louis, MO] for 1 h, and rinsed twice with TTBS. The membrane was incubated for several minutes with 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT) for the colorimetric detection of alkaline phosphatase activity. Once bands were detected on the blot, the reaction was terminated by rinsing the membrane with deionized water 3 times. The limits of detection for SINV-3 VP2 by Western analysis were determined empirically by examination of individual ants in which the SINV-3 genome equivalents had been quantified by qPCR (10 1 -10 8 ). Detection of virus protein was found to be reliable to 100 genome equivalents in a single ant. The replicative (or minus) genome strand was detected by a method first described by Craggs et al. (2001) and later modified .
Northern analysis
Northern analysis was conducted to verify virus genome replication in larval and adult stages. Three mature, queen-right, laboratory colonies of S. invicta were infected with SINV-3 as described by and permitted to develop for 3 weeks. Total RNA and mRNA samples were purified from these actively infected SINV-3 colonies as well as mock-infected colonies. Total RNA was prepared from workers (n ¼600) and larvae (n ¼500) from SINV-3-infected colonies using Trizol and the PureLink micro-to-midi total RNA purification system (Ambion). Messenger RNA was purified from workers (n ¼600) and larvae (n ¼500) with the Trizol method and MicroPoly(A)Purist kit (Ambion) according to the manufacturer's instructions. The integrity of all RNA preparations was assessed by microfluidic analysis on an Agilent 2100 Bioanalyzer (Agilent, Cary, NC) using the RNA 6000 Nano kit according to the manufacturer's directions.
Northern analysis (n¼ 2) was completed by Lofstrand Labs Limited (Gaithersburg, MD). RNA samples (18.8 and 28.5 μg total RNA for workers and larvae, respectively; 1.8 and 2.9 μg mRNA for workers and larvae, respectively) and Century Plus and Millenium RNA standards (3 μg; Ambion) were loaded onto a NorthernMax-Gly 1% agarose gel (Ambion) and electrophoresed at 175 V for approximately 2 h. The gel was equilibrated in 20 Â SSC for 2 min and then transferred overnight to a Nytran Supercharge membrane (Whatman) using a TurboBlotter with 20 Â SSC. The membrane was UV crosslinked and air-dried, then pre-hybridized in 6 Â SSC, 5 Â Denhardt's, and 0.5% SDS solution at 68 1C for 7 h. The 642-nt probe (corresponding nucleotide positions 7164-7805 of the Genbank Accession sequence FJ528584) was synthesized by PCR using oligonucleotide primers p705 and p709 (5 0 -GCTGGCAATCAGGAC-CAAGTCTAACACTAACAATA), 32 P-labeled dCTP and cDNA prepared from the same SINV-3-infected colonies was accomplished with oligonucleotide primer p709. The specific activity of the gel-purified probe was 1 Â 10 9 dpm/μg. The membrane was hybridized at 68 1C for 18 h, washed in 2 Â SSCþ 0.1% SDS at 68 1C 3 times every 20 min. The membrane was autoradiographed for 20 h and then developed.
SINV-3 pathogenesis
SINV-3-treated and control colonies were periodically evaluated to ascertain their relative health by monitoring the ratio of brood to workers (brood rating). Colonies were assigned a score of 4 if they were rapidly growing with brood mass Zworker mass. A score of 3 indicated a healthy growing colony with brood mass E70% of worker mass. A score of 2 indicated a colony in poor health with brood mass of E50% of worker mass. A score of 1 indicated a sick colony with brood mass E25% of worker mass. A score of 0 was reserved for colonies without any brood. During evaluations each nest tube was checked manually and intermediate scores were assigned as appropriate. Colonies were evaluated 0, 7, 13, 20, 27, and 31 days after SINV-3 exposure. Mean brood ratings in SINV-3infected and -uninfected colonies were compared at each time point by Student's t-test. At the conclusion of the test on day 31, the collective weights of the workers, brood, and queens from each colony were recorded and analyzed by Student's t-test.
